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ABSTRACT

A vertical temperature gradient's effect upon temperature radiation
emitted from partially metalized silicon (Si) transistor substrates has been
investigated. The theoretical error of a surface temperature reading, obtained .
wvith the IR scanning method, has been estimated. This numerical analysis
indicates that significant temperature errors occur only for n-resistivities
above 0.029Q .cm and for p-resistivities above 0.05 Q .om; consequently, no

surlace coating with paint 1s necessary for lower resistive substrates.
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2L0R ESTINATE FOR THZRAL ASSISTANCE YFASIIEZITS CN WICOATED
SI MICZOWAYI TRANSISTORS AS NISULT CF T TURATL GRADILL.TS

| 1. ZITRenucTIoN

An important characteristic. for the usefulness of microwave power transistors
=5 lhe raximm .eaperaiure rise, A Ty, that occurs at any one point of the
“ransistor surtface, i the total power VY, is dissipated in the transistor. The
antloy 8 3 A Tp/W i€ referred tc as the "thermal resistance” of the
transistor.” Measurement of' the power dissipation. W, in a transistor usually
vrescnts no problems, but consiierable controversy exists regarding the method
uscd to measure the temperature of surface hot spots. It is agreed that some
wechnique involving scanning of the surface and mea.sv;}ng the radiation emitted
"rort cach point with an inZrarcd sencitive microscope 15 appropriate. Disagree- ‘
rment exists, hovever, as to exactly how the surface of the transistors should i
be treuted Tor this measurement and. in particular, vhether it should be left X
uncoated or coated with black paint. The following discussion will give the 3
pros and cons of such a procedure and cstablish criteria as to when transistor 3
surfaces should be coated.

*'I'his desimation is theoretically noti quite correct. Themal resistance is

usu2lly deiined as the temperature difference, A T, between two interfaces,

divided by the heat low throusch both interfaces. In transistors, however,

thc bonded interface of the silicon (Si) chip against the heat sink is usually

desiznated as one of the Interfaces; the choice of the transistor top surface

as an interface is problematic, since heat is actually not produced at the

surlface but in the junction some distance from the surface. Measuring the

surface temperature for thermal resistance determinations will, therefore,

introduce a small but measurable error into the calculation, because the heat 3
loss through radiation makes the surface temperature appear lower than the 3
Junction temperature. Also, the temperature over the surface is not uniform, 3
and the true thermal resistance of the transistor would have to be the integral

ol the thermal resistivities over the entire surface. When considering power

transistors, however, one is interested in the highest temperature rise,

A Tax, which can be measured in any one spot when the total power dissipation

in the transistor is W; we shall, therefore, follow the general practice of

calling A TMax/Y the thermal resistance of the transistor.

e
Txample: Sierra/Phileo "High 5»¢e? Thermal Microplotter Model TOSB. "
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2. ARGUMENTS FOR OR AGATIIST PALTLIS TI'% TRATTIIOTOL LLITACS T

The reasons usually cited or coatin:g the transishor sur.ace dlael are as
rfollows: ,

a. The indium antiomonide (InSb) infrared scanner used to measure the heat
radiation is most sensitive in the reglon between 3 and 6 pym. Pure 5i is
transparent above 1.1 um. Therefore, one does not measure the true tenperature
of the transistor surface, but rather the temperature that is iniluenced by
the bonded heat sink underneath. Black paint, however, will indicate the
precise temperature of the surface.

b. The emissivity of black paint is many times hisher than tha* 5. the
metalized part of the surface. Temperature measurement of painted sur’aces
is, therefore, more precise than unpainted surlacecs.

¢. The hottest part o the transistor is undcr :he metaliced 2luiinume
smitter contacts. Because o: the low erissivily o wlimimm ond the lov
rcsclution of the themmoscanncy, ithe radiation “rom these hot spots is
averagcd with a low weighting Tactor agains: the eolder Trezions o the Si
surface.

The arguments against painiing the %:ansis“or suriace block re as ‘ollows:
a. This is a destructive method, and thc transistor is los: alter Les'.ing.

b. Since the paint layers employed are approzimaiely 2 pmils thiek , the
surface contours o the iransistor 2re not discernible thrsush the microscope;
identification of the siics of “he trunsistor sur.acce hos spovs is AirTieult
il not impossible.

c. The coating of the transistor surtcc.wiih blael. paint »laces rninom
quantities of impure ions over the pascivated loyer which may chanse the
transistor's characteristics.

d. Since paint has a hish dielectric constant (tymically around 3) in
the microwave rezion, a dielectric layer. scveral mils thick, any canily Ao
the itransistor measurin; circult ani causc abnorlly hi-h pover dluostprtion.

e. The electricel contuctiivity o nulnt Jeurcascs crnenetl w1l ulthe
tewpornture and may reach the poiln” vhere 15 beasres sel’=heatin~ wd e
its ovm ho! snots.

o Due to the low "n.mal condusilv!’y o wmuint, a suhs'enital Lampo s

aradieny can occur werogs chic larer, czpnelall when &0 %0 aroaed et e
-and result in misreadin: “hae Lenpambesa 00 Lhe geuelvan,
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i, @
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i+ TI2CRETICAL ESTIMATES FOR ZNRCR CF UNPATITED SUTITACTS

It is quite clear “roiz this cxqweceac ke eaam * ¢ s on vnpainied
Sur.aces are to be prelerved, 1T the erov prodviecd In this aanner can be
~oleratedl. The followinz will, however, ~s<imaic “he sinc os this error Tor
1 number ol practical conrizurations. 3nsically, this crror depends on the
Jollowing quantities; dezreec o metalization, cmissivity of the metalized
area, thickness and resistiviiy ol the 5i subsirate, and the temperature
sradient across the sample. The [followin~y will consiler the elfecct of each
ol these quantities.

Consider a slab of Si of the thickness 4 (Fiz. 1). A fraction of the
surface, called a, is metalized. Since the spot size of the scanner 1is
typically 2 mil square in area, the radiation reaching the nicroscope is
always a mixture ol radiation cominzy Crom the metal and from the Si part of
zh2 surface. If Si %8s of hizh resistivitiy (9) s “hen its absorption coefficient,
ok, is 1wy and i portion ol the radintion 'rom the 31 actually comes {rom

dconer 31 layers™ or even the hea® sink. This resulcs in calibration errors,
1. a vertical tempcrature gradient exists in the 31 and radiation from the
colder bull o the samples mixes with the radiation coming from the hotter
regions near the surface. The problem of determining the error in surrace
tenperature measurements by the scanninz method is now equivalent to finding
the amount of total radiation coming from the colder inside of the wafer in
relation to the total radiation cominz from the entire Si wafer and to finding
the error in temperature reading that this difference in radiation produces

in the scanner for a given S, a, andeX, when the surface temperature is T and
a vertical temperature gradient, dT/dx, exists. Since we are only discussing
microwave power transistors, we may assume that the emitter metalization strips
are spaced several ym apart, and no lateral zradient exists along the surface.
In quantitative terms, the total radiation reaching the microscope from the
metalized and unmetallzed region can now be expressed by

I ={a S&t + (1"'3) SSj_} R(T)A A ) ’ (1)

vhere Sye¢and Sgy are the emissivities of the metal and Si areas, R(T,A A )

is the radiation funetion corresponding to the black body radiation falling
within the photoconductive sensitivity range (3-6 ym) of the IR detector. As
pointcd aut above, Sgy 1s not a surface but a bull: property and is dependent

on the absorption coefficlient and temperature gradient within the Si. Some
concern exists with regard 1o the protective oxidc over the Si, but since its
thickness is typlcally less than onc quarter of the IR wavelength, it, therefore,
does not interact with radiation coming from the 31 or metal ilms or emit
radiation on its own. We may “or the purpose ol this calculation imnore the
exlstence of such films.

13, Gardon, "The Emission of Radiation by Transparent Materials,"
Henxy Blau ond Heinz TFischer, 2itors, Rodistive Transfer from Solid
Mpoiovtols (Macidllan 2 Co, Few Yox':, 05T, -




In order to estimate Sgy as a function o. the absorpticn ccefficica., o
assume initially thati no vertical temperature gradient cxists, restricting
ourselves to the case of highly doped materials, i.e., @ /o€ < &, where
only IR radiation from the bulk Si and almost none of the back interface can
reach the front. The radiation, r, reuaching the surface from a layer, dx,

at the depth x of the sample is then given by:*

rdx = ote™& R(1, A 2 Jax (2)
Since the entire wafer is kept at a uniform temperature, R is independent of
x. DBecause of the assumption @/o¢ < d), we can extend the integration limit
to » and obtain

(]

J ™= R(T,a 2 ) (3)
The amount of radiation capeble of leaving the surface is smaller than the
radiation reaching the surface because of reflcction losses due ‘o the hi~h
refractive index of Si (n = 3.43) in the wave%eng‘th range under consideration.
This reflection loss is given by (n-l,)‘-’/ (n+1)< and amounts, in our case, to
30%. It follows that Si without a temperature gradient has an emissivity of

ssi’md - o’ QOT , (h)

regardless of its absorption coefficient, ©¢, within the limits of approximation
discussed above. ] .

We shall now consider the case where the temperature, T, decreases from
the surface temperature, Tg, at a rate dT/d.x. Ry iIn this case, becomes a
function of x, but for small temperature gradients, we can approximate 4
R=PRp;, - AR, vhere 4 R follows from Stefan-Boltzmann's law, X = ¢ T
(vith ¢ = Stefan-Boltzmann comstant) as

ABoe 5 AT o AT x. C (5)
R T ax T, )

Substituting Equation (5) into BEquation (2), we obtain the following
expression for the total amount of radiation reaching the surface from the

bulk vhere a temperature gradient dT/dx exists:
OI "gmdfod"“‘o? e~ %X [1-h.LT & ]R(T,A A dax  (6)

ax Tg

. "Ye neglect here, and hereafter, all rcabsorpiion and reemission of .
radiation in the trangparent region o the G5i.

1)



Ar.stiintins Bation !

Y ard integraring the above: 'h° equa’fon boamr::

of Trgnfo & 7 (Lol e <2 )37, A1) ()

>
0
o3
3

Ye can now calculate the emissivity o” Of with a curlace terperature T

(1.c., the iraction of radiation that ean leave the suriace from a sample
havinz a Semperature pradient, dT/dx ;, In relaticn to the total anownt of
radiaticn that would be generated in the Si ii no tempercture sradient exists),
ottaining:

=0.7T(1-h

[~2 § -]

T 21 (8)
X

“s1, zradko s

.« TYPICAL ERRORS FOR PARTIALLY MCTALIZED SURFACZIS

e arc now able to cstimatc the crror in radiation rcadin; from a Si wafer
that 1s caused by the presence of a vertical termperature gradient from

I -1
Eh'ror=-im'd=° Mo s where I

T eade0 and I z;‘a.d;‘o represents the
zrad=0
toinl radiation according to Bmation Sl) for a Si waler with or without
a srodient. Sudstituting Equevnions (%) 2n2 (&) into Eguation (1), we
obtain: L a7 1
1l-a) (S -3 ' -
Zrror = ( ) (OSj,liraéfO DSiL?Cld'-'o) - 4 x Ei .C (9)
+ (1- . .
a Sgy * (1-0) Sy sk —it g 4

007 (l-%) Si

He now calculate this error Jor the followiny parameters that are typical for
nicrovave transistors:

1/2 (1/2 ol “he transistor su.riace is motalized)

2]
]

. = 0.1% (sce Rel. 2)
T = hooo

d = 100 un:

»
Thic value was chosen o3 an esiinvie Sauuuven B o= 1.1 or oxidized und
3 2 0,00 Jow hishly polished Al.

2(2. Fod~mnn,
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Figure 2 plots ‘the error, computed Ifrom Equation (9), in radiation emiiicd
from a Si surface for various Si mateiia.ls having absorgtion coefficients,
A =125, 166, 250, 500, and 1000 cu™ (corresponding3’™ to n-resistivities of
0.01k%, 0.009, 0.0073 0.005, and 0.0025q .cm) and temperature gradients of 1,
2, 3, 4, and 5 x 103 O¢/cn (corresponding to temperature differences of 5 T
= 10, 20, 30, 40, and S0°C ascross the 100um thick sample). In the most
unfavorable case considered, i.e., for relatively pure (0.01k go.om) Si
substrates and large temperature differences of F0VC across the sample, the
surface is at 1279C and the maximm radiation error measuremert as a result of
this gradient would be 35%. However, because of the non-linear radiation-
temperature dependence of the measuring system, the actual temperature error is
much lower. Taking a typlical calibration curve for Si fram a Sierra-Philco
Microscamner, one obtains the temperature errors plotted in Fig. 3 as a function
of temperature difference across the wafer for various resistivities. It is
noticed that in this way a maximm temperature error of only 12.5% occurs as
upper limit in the extremely unlikely case that the temperature difference is
50°C and the Si is n-type and of 0.0lhk Q.cm resistivity (or p-type* of 0.05
Q .om resistivity). Most microwave transistors. however, hawve lower
reslstivities, and their temperature differences across the wafer®* are most
likely less than 50°C. The true error may be still smaller, since we have not
taken into account the grating effect of the metalization. This occurs when the
Si openings between the metalization fingers of the transistor are less than the
wavelength of 3«6 um of the IR scammer. The net effect of such diffraction

grating effect would be to cause wider angular distribution of the radiation
than from unmetalized Si.

5.  CONCLUSIONS

The numerical estimate for the error in temperature readings of surface
scanned Si transistors, illustrated for 100 ym thick substrates and 50%
metalization, can easily be extended to other geometries and temperature
gradients using Equations (1) and (8). It is clear from these examples that
substantial errors in temperature readings with the thermoscexmer method will
only occur when the subs*rate resistivity becomes larger than 0.02 Q.cm for
n-type and approximately 0.05 .cm for p-type, For lower resistivity materials,
the potential errors in temperature readings for uncosted samples are more than
offset by errors that could be introduced by the coating of the surfaces with
bla0k '_nﬂ-into

*Absor;ptlon coefficients for heavily doped p-Si are not gwailable but can be )y
extrapolated from measurements at lower doping levels (Vavilov, August, 1960).

It showld be noted that beryllia, which is Srequently used as heat sink
materlal for microwave transistors, has a similar themal resistivity as Si and
that, therefore, in the Si-beryllia composite structure a larger temperature
drop will occur in the thicker beryllia heat sink than in the very thin Si.

3y, Spitzer and H. Y. Fan, "Infrared Absorption in n-type Silicon," Phys. Rev.,
Vol. 108, pp. 268-2T1, 1957T.

hV. Se Vaevilov, "The Absorption of Free Charge Carriers by Infrared Radiation ia
Silicon," Soviet Physics-Solid State, Vol. 2, No. 2, pp. 346-349, August 1960.
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